A new method of Franck-Condon ͑FC͒ factor calculation for nonlinear polyatomics, which includes anharmonicity and Duschinsky rotation, is reported. Watson's Hamiltonian is employed in this method with multidimensional ab initio potential energy functions. The anharmonic vibrational wave functions are expressed as linear combinations of the products of harmonic oscillator functions. The Duschinsky effect, which arises from the rotation of the normal modes of the two electronic states involved in the electronic transition, is formulated in Cartesian coordinates, as was done previously in an earlier harmonic FC model. This new anharmonic FC method was applied to the simulation of the bands in the He I photoelectron ͑PE͒ spectrum of ClO 2 . For the first band, the harmonic FC model was shown to be inadequate but the anharmonic FC simulation gave a much-improved agreement with the observed spectrum. The experimentally derived geometry of the X 1 A 1 state of ClO 2 ϩ was obtained, for the first time, via the iterative FC analysis procedure ͕R(Cl-O͒ϭ1.414Ϯ0.002 Å, ЄO-Cl-Oϭ121.8Ϯ0.1°͖. The heavily overlapped second PE band of ClO 2 , corresponding to ionization to five cationic states, was simulated using the anharmonic FC code. The main vibrational features observed in the experimental spectrum were adequately accounted for in the simulated spectrum. The spectral simulation reported here supports one of the two sets of published assignments for this band, which was based on multireference configuration interaction ͑MRCI͒ calculations. In addition, with the aid of the simulated envelopes, a set of adiabatic ͑and vertical͒ ionization energies to all five cationic states involved in this PE band, more reliable than previously reported, has been derived. This led also to a reanalysis of the photoabsorption spectrum of ClO 2 .
I. INTRODUCTION
In a recent review on Franck-Condon ͑FC͒ analysis and simulation of photoelectron ͑PE͒ and electronic bands of small molecules, we have shown that the commonly used harmonic oscillator model might be inadequate in cases where anharmonicity effects are important, such as for vibronic transitions involving vibrational levels of high quantum numbers. 1 The inclusion of anharmonicity into a onedimensional model ͑i.e., a single vibrational mode͒ of Franck-Condon factor ͑FCF͒ calculations is relatively straightforward and has been reviewed. 1 However, the applicability of a one-dimensional anharmonic FC model is rather limited. We have suggested, in the above-mentioned review, some possible ways of calculating anharmonic FCFs for vibronic spectra of polyatomics, by employing multidimensional anharmonic potential energy functions ͑PEFs͒. In the present work, we report our recently developed, multidimensional anharmonic FCF code for nonlinear polyatomics, which is based on the Watson Hamiltonian 2 and includes the Duschinsky effect. 3 The He I PE spectrum of ClO 2 ͑Ref. 4͒ has been chosen for spectral simulation, employing both our previously developed harmonic FCF code CART-FCF 1 and the new anharmonic FCF code AN-FCF. Other than the importance of ClO 2 in atmospheric chemistry ͑see Sec. I B͒, one main reason for choosing the PE spectrum of ClO 2 as the first example with which to test the new code is that highly accurate complete active space self-consistent field ͑CASSCF͒ MRCI PEFs of the neutral ground state and lowlying cationic states of this intermediate are available.
in the electronic transition, the determination of the vibrational wave functions of both electronic states, and the evaluation of the square of the vibrational overlap integrals ͑i.e., the FCFs͒. Variational methods have been widely used in determining rovibrational energies of polyatomic molecules. Readers may refer to the two excellent reviews by Carter and Handy 7 and Searles and von Nagy-Felsobuki 8 for details. Also, references which summarize the current status of this area are Refs. 2 and 9-20. To evaluate the FCFs for a polyatomic system, couplings of the vibrational modes ͑the Duschinsky effect 3 ͒ due to the change in geometry and/or symmetry upon a transition need to be considered; 21 details of this are given in our recent review of polyatomic FCF calculations. 1 A simple way to include anharmonicity in an FCF calculation is to express the anharmonic vibrational wave functions as linear combinations of the products of harmonic oscillator functions. In this way, the anharmonic vibrational FCF can be reduced to a sum of harmonic overlap integrals, which can be evaluated readily with available analytical formulas. Botschwina and co-workers are one of the few research groups performing anharmonic FCF calculations in this way. 22, 23 Recently, details of a few other types of anharmonic FCF methods have been published. [24] [25] [26] [27] [28] The major application of FCF calculations is in spectral simulation. Thus, it is worth mentioning the following recent studies, which are relevant to the present work. Barinovs et al. 29 reported the simulation of the absorption spectrum for the Ã 2 A 2 ←X 2 B 1 transition of ClO 2 . In their work, 3D wave packet calculations were performed to follow the propagation of the X 2 B 1 ground vibrational wave function onto the Ã 2 A 2 state PEF. However, it is difficult for this kind of calculation to be extended to molecules with more vibrational modes because of the extensive computational requirements. Last, a novel Lie algebraic formalism has been reported very recently for the evaluation of multidimensional FCFs. 30 In this work, the C 1 A•←X 1 A• emission spectrum of S 2 O was successfully simulated.
B. The He I photoelectron spectrum of ClO 2
Neutral chlorine dioxides have received much attention recently, because of their relevance in the destruction of the ozone layer in the upper atmosphere ͑see Refs. 1, 4, 5, 6, and 31 and references therein͒. In contrast, there have been only two experimental studies on the ClO 2 cation in the gas phase. The first He I PE spectrum of ClO 2 was published in 1971. 32, 33 Two decades later, Flesch et al. 4 reported another He I PE spectrum of ClO 2 with much-improved resolution ͑quoted to be 15 meV, see the later text͒. The spectral features in these two PE spectra are very similar in the low ionization energy ͑IE͒ region of 10-16 eV, with wellresolved vibrational structure, but differ in the higher IE region, which shows essentially three structureless broad PE bands. Since the later PE spectrum is of a better quality than the one published in 1971, we will focus on the second study from here on and we will only investigate the PE bands observed in the low IE region.
In the low IE region, there are three observed PE bands, which are well separated from each other. The first and third bands, with measured adiabatic ionization energies ͑AIE͒ of 10.345 and 15.440 eV, respectively, show clearly resolved vibrational structures, while the second band is a complex one, corresponding to several overlapped ionization structures. Based on consideration of the bonding nature of the high-lying occupied molecular orbitals of neutral ClO 2 ͑from ab initio calculations͒ and comparison with the known PE spectrum of SO 2 , assignments for all the observed bands were made by Flesch et al. 4 Ionizations to five cationic states were associated with the second band. 4 In the work of Flesch et al., 4 the photoabsorption spectrum of ClO 2 was also reported and the identified Rydberg series were assigned, with the associated quantum defects ͑␦͒ derived, based on the ionization limits measured in the PE spectrum.
It should also be mentioned that Peterson 4 in the ordering of the five cationic states associated with the second PE band. In the present study, it is hoped that spectral simulations may shed some light on the discrepancies between the two sets of assignments for the heavily overlapped second band in the He I PE spectrum of ClO 2 , and may provide vibrational assignments for the first and third bands.
II. THEORY

A. Anharmonic FCF method
The anharmonic FCF method proposed in this investigation is mainly based on that of Botschwina et al. 22 One main reason for choosing this approach is that it can be readily incorporated into our existing harmonic FCF model ͑see the later text͒. In this way, the Duschinsky effect, which is not considered in the method of Botschwina et al., as mentioned previously, can be included in the present anharmonic FCF method. At the same time, with the use of ab initio PEFs and the Cartesian coordinate approach [34] [35] [36] ͑which is good for an electronic transition even with a large geometrical change͒, many advantageous features of our previous harmonic FCF method are retained ͑see Ref. 1͒. Thus, with relatively straightforward modifications to our existing harmonic FCF code, anharmonicity can be incorporated into a multidimensional FCF calculation, which also handles the Duschinsky effect. It is therefore expected that the improved FCF code, which includes anharmonicity, should give more reliable results than the harmonic code. The anharmonic FCF method used in this work will now be described in detail.
The anharmonic FCF method discussed below is based on a nonlinear molecular system, although the method can be easily extended to linear systems. Although the following derivation applies to a molecule with three vibrational modes, the method presented is applicable to problems of any number of modes. First, the anharmonic vibrational wave function of the mth vibrational state is expressed as follows:
where c m,v 's are the expansion coefficients, the bold subscript v denotes (v 1 ,v 2 ,v 3 ) and (v i ) are the vth-order harmonic oscillator functions of the normal mode i. The expansion coefficients, c m,v , are obtained by diagonalizing the Watson's Hamiltonian. 2, 9 The rovibrational Hamiltonian of a nonlinear molecule given by Watson has the form
where ⌸ is the total angular momentum with respect to the axes of body-fixed coordinates satisfying the Eckart conditions 31 ͑labeled by the Greek subscripts, ␣,␤,...͒, is the internal angular momentum arising from coupling of vibration modes, P k is the momentum conjugate to the kth normal coordinate, is the effective reciprocal inertia tensor, and V is the electronic PEF. The anharmonicities of the vibrational motions are included in the present formalism via an anharmonic PEF, V, and the anharmonic vibrational wave functions defined in Eq. ͑1͒.
The Hamiltonian matrix elements, ͗n͉H͉m͘, are evaluated using the Gauss-Hermite quadrature along each normal mode. Generally speaking, an ab initio PEF will not usually be expressed in normal coordinates. Thus, each quadrature grid point is transformed to the coordinate system of the PEF. Both the vibrational wave functions of the initial and final electronic states are determined in this way. Hence, the anharmonic FCF can be expressed as
where the primed and double-primed quantities correspond to those of the final state and the initial state, respectively. The expansion coefficients c m,v Ј , and c n,v Љ are determined in the variational calculation, and ͗v 1 Ј ,v 2 Ј ,v 3 Ј͉v 1 Љ ,v 2 Љ ,v 3 Љ͘ is the overlap integral of the corresponding harmonic functions. Because the anharmonic wave functions are expressed as linear combinations of harmonic functions in normal coordinates, the overlap integral can be evaluated readily using Chen's model. 37 Also, since the Duschinsky rotation matrix is included in this model, the anharmonic FCFs obtained in this way have incorporated the effect of anharmonicity and Duschinsky rotation.
B. IFCA with the anharmonic FCF method
FCFs are known to be very sensitive to the relative geometries of the electronic states involved in an electronic transition. Thus, if the equilibrium geometry of one of the two electronic states ͑usually the ground state of the neutral molecule, in the case of a PE spectrum͒ is available experimentally, the geometry of the other state can be obtained by adjusting its geometrical parameters systematically, until the simulated spectrum matches the experimental spectrum. This iterative Franck-Condon analysis ͑IFCA͒ procedure has been applied successfully employing the harmonic FCF code in our previous studies, [38] [39] [40] [41] and it has been described previously.
1,37 A similar IFCA procedure can be carried out employing the present anharmonic FCF code. In this case, in the IFCA treatment, the shapes of the ab initio PEFs of the two electronic states are kept unchanged. The equilibrium position of one of the two states is fixed to the available experimental geometry, while the geometrical parameters of the other state are varied systematically ͑initially according to the computed geometry change from ab initio calculations͒, until the best match between the simulated and observed spectra is achieved. More details of the IFCA procedure are given below.
In general, the changes in the geometrical parameters in the IFCA procedure are very small; thus, we would expect the expansion coefficients c m,v Ј and c n,v Љ obtained at the ab initio equilibrium geometries of the PEFs can be kept unchanged in the IFCA procedure. However, the harmonic overlap integrals are very sensitive to the changes in the geometrical parameters. Thus, in the case of an anharmonic FCF calculation, when the geometrical parameters of one state ͑the cationic state in the case of a PE spectrum͒ are varied, a new set of harmonic overlap integrals has to be evaluated, which then gives a new set of anharmonic FCFs according to Eq. ͑3͒. The simulated spectrum based on this new set of anharmonic FCFs is then compared to the observed spectrum until the best match is obtained.
C. Ab initio calculations for the harmonic FCF calculations
Ab initio calculations were performed to provide the harmonic force constants required for the proposed harmonic Franck-Condon analyses and to make comparison with the results of CASSCF/MRCI calculations of Peterson and Werner. 5 In principle, from the available MRCI PEFs, 5 sufficient input data could be obtained for the harmonic FCF calculation. However, in order to compare the harmonic and anharmonic FCF methods in a consistent manner, ab initio calculations, which compute harmonic vibrational frequencies at the minimum-energy geometry, were performed, as have been done previously. 13 computed energy values to a polynomial. These energy points are displacements from the equilibrium position of the symmetry coordinates S 1 ϭ(r 1 ϩr 2 )/& and S 2 ϭ ͑see Ref. 5 for details͒. The above published PEFs were employed in our variational calculations. As the cationic PEFs are twodimensional, the variational calculations performed are also two-dimensional. The asymmetric stretching mode 3 ͑the third mode͒ has been neglected in the FCF evaluation. In any case, it is of a different symmetry from the 1 and 2 modes in the C 2v symmetry.
The basis size constraints in the variational calculations of the vibrational wave functions
For neutral ClO 2 vibrational levels with quantum number up to 6 were considered in the variational calculations. This should be sufficient, as there is no evidence for ''hot'' bands in the experimental spectrum. To reduce the size of the three-dimensional basis, a further constraint that v 1 ϩv 2 ϩv 3 р6 was applied in the selection of the harmonic basis. For ClO 2 ϩ vibrational levels with quantum number up to 12 were included, except where stated otherwise. This seemed to be adequate for most cationic states considered here ͑see the later text͒. A further constraint of v 1 ϩv 2 р12 was also applied. This constraint ͑and hence the total size of the basis͒ was chosen from a series of preliminary calculations on the X 1 A 1 state of ClO 2 ϩ . Variational calculations were performed with the basis set constraints of v 1 ϩv 2 р6, 8, 12, and 20. Results of these calculations are shown in Table I . Only the energies of the progression in the stretching mode are given as the experimental spectrum is dominated by this progression. With the basis set constraint of up to v 1 ϩv 2 р12, the computed vibrational energies of the levels ͑0,0,0͒ to ͑5,0,0͒ converge to within 1 cm Ϫ1 of the v 1 ϩv 2 р20 values, while for the vibrational level ͑6,0,0͒, the computed energy converges to within 6 cm Ϫ1 . It seems that the basis set constraint of v 1 ϩv 2 р12 is a reasonable compromise of accuracy and economy, at least for the X 1 A 1 state of ClO 2 ϩ . This constraint has been applied for most of the cationic states considered here, unless otherwise stated.
Since the FCFs depend on the expansion coefficients c m,v Ј , the convergent behavior of these coefficients with the size of the basis set used was studied. It was found that the convergent behavior of the expansion coefficients generally follows that of the computed vibrational energies. The differences between the calculated vibrational energies obtained with the two basis set constraints of v 1 ϩv 2 р12 and 20 for the levels ͑5,0,0͒ and ͑6,0,0͒ of the X 1 A 1 state of ClO 2 ϩ are 0.5 and 5.4 cm
Ϫ1
, respectively. The corresponding differences in the three largest expansion coefficients are less than 0.001 and 0.01, respectively. For vibrational levels (v,0,0) with vϽ4, the differences in the expansion coefficients determined using basis set constraints of v 1 ϩv 2 р12 and 20 are smaller than 0.000 01.
To further examine the effect of basis set size in the calculation of vibrational wave functions on the computed anharmonic FCFs, the FCFs between the X states of ClO 2 ͑0,0,0͒ and ClO 2 ϩ (v,0,0) were calculated, employing the basis set constraints of v 1 ϩv 2 р12 and 20 for the upper vibrational states. With the larger constraint, the anharmonic FCFs for the ͑4,0,0͒, ͑5,0,0͒, and ͑6,0,0͒ levels of ClO 2 ϩ from the X state ͑0,0,0͒ level of ClO 2 have the values of 1.4208, 0.0919, and 0.0028, respectively ͑with the FCF of the strongest peak taken as 100͒. With the smaller basis set constraint of v 1 ϩv 2 р12, the corresponding computed anharmonic FCFs differ from those computed with the larger basis set constraint of v 1 ϩv 2 р20 by 0.007%, 0.2%, and 3.5%, respectively. For the ͑6,0,0͒ vibrational component, which has the largest deviation in the computed FCFs with the two basis set constraints used, it is too weak to be observed in the experimental spectrum. Summing up the above investigations on the effects of the basis set size employed in the variational calculation of vibrational wave functions, on the computed vibrational energies expansion coefficients and FCFs, it is concluded that the basis set constraint of v 1 ϩv 2 р12 for the upper vibrational states should be acceptable. The uncertainty in the simulated intensities obtained with this constraint should be less than 1%.
The performance of the anharmonic FCF code
The variational calculations and the evaluation of anharmonic FCFs were performed using the software AN-FCF coded in FORTRAN. The largest variational calculation shown in Table I second band in the ClO 2 photoelectron spectrum, a larger basis set size was required for the 3 A 1 and the 1 A 1 states as the computed FCFs suggest significant relative intensities for peaks of higher vibrational quantum numbers than 12 ͑see the next section͒. For these two states, the variational calculations had a basis set size of ͑12,18,0͒ with a constraint of v 1 ϩv 2 р18, and the largest FCF evaluations carried out in this work for ionization to these two cationic states involved 84 and 221 vibrational levels for the initial and the final electronic states, respectively. These FCF calculations took ca. half an hour CPU time ͑per cationic state͒ with the abovementioned PC. After evaluating the FCFs, Gaussian functions with a full-width-half-maximum ͑FWHM, see the next section͒ of 30 meV and relative intensities as given by the corresponding FCFs were used to simulate the vibronic peaks.
III. RESULTS AND DISCUSSION
A. Ab initio calculations
The ab initio results obtained in this work for ClO 2 X 2 B 1 , ClO 2 ϩ X 1 A 1 , and ClO 2 ϩ 1 B 2 are summarized in Tables II-V and compared with available experimental values and previous theoretical values. Briefly, it can be seen that for the three electronic states studied, no obvious trends in the computed geometrical parameters and harmonic vibrational frequencies are observed with the theoretical method used. This shows the difficulty in achieving convergence in the calculated parameters for this type of system. Nevertheless, for the ground states of the neutral and the cation, the computed bond angles at different levels of calculation are reasonably consistent. Therefore, they can be considered as reliable. However, for the open-shell 1 B 2 state the UHFbased correlation methods used in this study are clearly inadequate for the minimum-energy geometry, particularly for the computed bond angles, which have a range of ca, 10°. Regarding the computed harmonic vibrational frequencies, the QCISD values are the nearest to the available experimental values, and hence the corresponding force constants were used in the subsequent Franck-Condon calculations.
Considering the computed AIEs and VIEs ͑see 
B. Spectral simulation: First PE band
The simulations of the first band in the PE spectrum of ClO 2 , employing the harmonic and anharmonic FCF codes, are shown in Figs. 1͑c͒ and 1͑b͒ , respectively, together with the experimental spectrum of Flesch et al. 4 ͓Fig. 1͑a͔͒. This band is due to the ClO 2 ϩ X 1 A 1 ←ClO 2 X 2 B 1 ionization and has the most clearly resolved vibrational structure. The experimental spectrum is dominated by the symmetric stretching progression. Although structure in the bending progression is relatively weak, the resolution is good enough to reveal the bending features. Thus, the observed vibrational structure provides sufficient information for both the bond angle and the bond length of the ground cationic state to be extracted from comparison between the simulated and observed spectra via the IFCA procedure. The details of the comparison are given in the following subsections for the harmonic and anharmonic FC simulations.
Harmonic FC simulation
The simulated first band ͓Fig. 1͑c͔͒ with harmonic FCFs was obtained with the experimental AIE 4 and the experimental geometry of the X 2 B 1 state. 46, 47 The QCISD/6-311G(2d) and QCISD/6-311G(3d f ) harmonic force constants were used for the neutral and the cationic ground states, respectively, in the FCF calculations. The IFCA procedure has been applied and the geometry, R(Cl-O͒ϭ1.410Ϯ0.010 Å, ЄO-Cl-Oϭ121.8Ϯ0.5°, is found to give the ''best'' match between the simulated and observed spectra. This simulated spectrum is shown in Fig. 1͑c͒ . However, it can be seen from Figs. 1͑c͒ and 1͑a͒ that the match is far from perfect. Despite various attempts, it was not possible to match the component relative intensities across the whole stretching progression within the whole PE band. The above IFCA geometry was obtained by matching the relative intensities of the first three most intense components, where the anharmonic effect The best estimate geometry from anharmonic IFCA; please refer to the discussion in the text. would be expected to be the least important ͑see Ref. 1͒. With this IFCA geometry, simulated components involving higher stretching levels are significantly stronger than the observed ones, suggesting that the harmonic oscillator model is probably inadequate. Apart from the stretching progression, the first bending peak ͑0,1,0͒ is too strong in the simulation. From the comparison between the anharmonic FC simulation and the observed first band ͑see the next subsection͒, it seems clear that both the symmetric stretching and bending modes are significantly anharmonic in the ground cationic state of ClO 2 ϩ . Consequently, the simulated spectrum using the harmonic FCFs failed to reproduce the overall intensity pattern of the two progressions observed in He I PE spectrum. In view of this inadequacy, rather large uncertainties have been included for the geometrical parameters given above. From the harmonic calculation, it was found that the FCFs for transitions involving the asymmetric stretching mode, 3 , are negligible. This shows that the neglect of the asymmetric stretching mode in the anharmonic FCF calculation is a good approximation and should have little impact on the accuracy of the spectral simulation.
Anharmonic FC simulation
The . The deviation of the leading coefficient from unity shows the deviation from the dominant harmonic function, and is thus a measure of anharmonicity. From the above, the ͉0,0,0͘ and ͉0,1,0͘ states are very close to the case of a harmonic oscillator, as expected. Higher vibrational states are more and more anharmonic. In addition, the stretching progression seems to be more anharmonic than the bending progression. From Fig. 1 , it is clear that anharmonic FCF calculations have produced a much better simulated spectrum than the harmonic FCF calculations, when compared with the observed spectrum. The IFCA procedure, as described in the previous section, has been carried out to obtain the derived IFCA geometry for the ground cationic state, which gave the best simulated spectrum, as shown in Fig. 1͑b͒ . The match between the anharmonic simulated and observed spectra is excellent. The IFCA geometry of the cation is R(Cl-O͒ϭ1.414Ϯ0.002 Å and ЄO-Cl-Oϭ121.8Ϯ0.1°. It is of interest to note that the anharmonic IFCA geometry is close to that of the harmonic IFCA one.
C. Spectral simulation: Third PE band
The simulated third band using both the harmonic and anharmonic FCFs is shown in Fig. 2 . The third band of the ClO 2 PE spectrum is essentially a progression in the symmetric stretching mode. Although no expanded spectrum of the third band is given in Ref. 4 , at least seven components can be identified for this progression. Cornford et al. 33 reported a measured bending frequency of 440 cm Ϫ1 in the third PE band of ClO 2 . However, no bending vibrational frequency was reported in Ref. 4 The harmonic FC simulation shown in Fig. 2͑c͒ was obtained with an IFCA geometry of R(Cl-O͒ϭ1.558 Å and ЄO-Cl-Oϭ114.5°. The match between the simulated and observed spectra is mainly based on the first three vibrational components, and assuming that the relative intensities of bending mode components are negligibly small. The IFCA procedure has not been performed for this PE band with the anharmonic simulation, because the match between the anharmonic FC simulated spectrum, obtained with the MRCI geometries, and the observed spectrum is already satisfactory. This suggests that the computed MRCI geometry change upon ionization to the 1 B 2 state is probably reliable.
Considering both the IFCA results with the harmonic simulation discussed, and the good agreement between the MRCI anharmonic simulation with the observed spectrum, the best estimate of the geometry for the 1 B 2 state from the present study is R(Cl-O͒ϭ1.56Ϯ0.01 Å and ЄO-Cl-Oϭ114.0 Ϯ1.0°. The large uncertainties associated with the estimated values of these geometrical parameters are mainly due to the relatively poorer quality of the observed third PE band.
The major difference between the anharmonic and harmonic FC simulations of the third PE band ͓Figs. 2͑a͒ and 2͑c͔͒ is that the former gives a longer stretching progression. Comparison between the simulated and experimental spectra suggests that the anharmonic simulation appears to be in slightly better agreement with experiment. In Figs. 2͑a͒ and  2͑c͒ , a FWHM of 30 meV has been used. This value was obtained by measuring the FWHM of a vibrational component in the first band given in Ref. 4 , and is significantly larger than the quoted resolution of 15 meV. The observed third band 4 appears to be of even poorer resolution. Hence, a simulated spectrum with a FWHM of 60 meV is also given ͓Fig. 2͑b͔͒ for comparison. 4 and Peterson and Werner 5 assigned these five cationic states to the second PE band of ClO 2 , but the assignments of the relative energy ordering of these states and hence their adiabatic ionization energies ͑AIEs͒ are different. The two sets of assignments are showed in Table VI . In order to confirm or revise these assignments, in particular, the relative energy ordering of these five cationic states, the ionizations to these five cationic states were simulated, employing the anharmonic FCF code with the MRCI PEFs of Peterson and Werner. 5 The simulated spectra are shown in Figs. 3-5 . The profiles of these simulated spectra are quite different, and it will be seen that they are very useful in clarifying the ionic state ordering, which is discussed in the following section.
D. Spectral simulation: Second PE band
FIG. 2.
The third band of the ClO 2 photoelectron spectrum: ͑a͒ the simulated spectrum using anharmonic FCFs, ͑b͒ same as above, but with a FWHM of 60 meV, and ͑c͒ the harmonic simulated spectrum. 
New assignments based on comparison between simulated and observed vibrational structures
For convenience of discussion, the second band has been partitioned into three regions, the low-energy, mid-energy, and high-energy region. The low-energy region covers 12.4 eV to about 12.8 eV, which exhibits resolved vibrational structure; there are essentially five pairs of peaks. A more careful inspection of the vibrational structure through this region suggests that the first pair through the fourth pair appear to be from the same ionization process, with a gradual increase and then decrease in their relative intensities. The fifth pair of peaks seems stronger than the fourth pair, suggesting that another ionization starts from here and extends into the mid-energy region. The mid-energy region has the range of 12.9 to 13.2 eV. In this region, four or five peaks appear to be from the same vibrational progression. The high-energy region is from 13.2 eV onward and the vibrational structure is less obvious here.
We first consider the low-energy region, where the wellresolved vibrational structure is observed. The simulated ClO 2 ϩ 3 B 1 ←ClO 2 X 2 B 1 and ClO 2 ϩ 3 B 2 ←X 2 B 1 bands ͓Figs. 3͑b͒ and 3͑a͒, respectively͔ are both dominated by the stretching (v,0,0) and the combination bands (v,1,0) , giving two vibrational progressions. They clearly resemble the vibrational structure observed in the low-energy region of the second band with five ''pairs'' of peaks. Flesch et al. 4 assigned these two progressions ͑pairs of peaks͒ to the ionizations to the 3,1 B 1 electronic states ͑i.e., two nearby cationic states, each with a single vibrational progression, instead of two vibrational progressions of the same electronic state͒. However, both the computed MRCI triplet/singlet splitting ͑and/or the AIEs, see Table VI͒ and our simulations of these two ionizations ͓Figs. 3͑b͒ and 3͑c͔͒ do not support the assignments of Flesch et al. 4 ͑The assignments of Peterson and Werner 5 will be considered later.͒ Based on the simulated spectra, the low-energy region of the second PE band is now reassigned to the ionizations to the 3 B 2 and 3 B 1 states, with the pairwise structures assigned to the symmetric stretch and bending modes. The 3 B 1 simulation ͓Fig. 3͑b͔͒ shows a sharp adiabatic peak in the vibrational structure, while the relative intensities of the two vibrational progressions of the 3 B 2 simulation ͓Fig. 3͑a͔͒ increase gradually. These simulated vibrational envelopes support the assignments that the observed onset of the second PE band at 12.400 eV is the AIE position of the 3 MRCIϩQ/cc-pVQZ ͑with g͒ relative T e value of 0.47 eV. From the MRCI calculations, the AIE to the 3 A 2 state was computed to be in between those of the 3 B 2 and 3 B 1 state. However, our simulation of the ClO 2 ϩ 3 A 2 ←ClO 2 X 2 B 1 ionization ͑Fig. 4͒ shows long progressions in the symmetric bending and stretching vibrations, suggesting a very weak relative intensity at the adiabatic position of the 3 A 2 ionization, which would probably be too weak to be identified in the observed spectrum. Nevertheless, if the vertical ionization position ͑strongest overall relative intensity͒ of the simulated spectrum is aligned to the observed peak at 13.050 eV ͑having the strongest resolved relative peak intensity͒ in the mid-energy region, an AIE of 12.580 eV can be obtained from the simulation. This AIE value corresponds very well with the MRCI value of 12.46 eV ͑see Table VI͒ . This assignment of the 3 A 2 state would then account for the observed single progression in the mid-energy region.
Before the whole second PE band is considered, we look briefly at the simulated envelopes for ionization to the two singlet states. 
The simulation of the second PE band
Considering the assignments of Peterson and Werner, 5 which were mainly based on computed MRCI AIEs/VIEs, the whole second band of the ClO 2 PE spectrum was synthesized by a weighted sum of the five constituent simulated spectra. Fig. 6͑c͒ , the simulated spectrum ͑lower trace͒ was generated by simple addition of the five simulated spectra, assuming the same photoionization cross section for each ionization, but with allowance for the statistical weights of spin multiplicity. That is, the total relative intensities between the 3 A 2 and 1 A 2 spectra and that of the 3 B 1 and 1 B 1 spectra were assumed to be 3 to 1, while ionization to the three triplet states was assumed to have the same intensity. The agreement between the spectrum synthesized in this way ͓the lower trace in Fig. 6͑c͔͒ and the experimental spectrum ͓the upper trace in Fig. 6͑c͔͒ is reasonably good, particularly for the resolved vibrational structure. In general, most of the observed vibrational features can be accounted for by the simulations, suggesting that the assignments of Peterson and Werner 5 are reasonably reliable.
A better agreement between the simulated second band and the observed one can be obtained by varying the relative intensities between the 3 B 2 , the 3 A 2 and 1 A 2 pair, and the 3 B 1 and 1 B 1 pair, and also the AIEs. Figure 6͑c͒ shows the best matching spectrum ͑lower trace͒ obtained by varying the relative intensities. The relative intensities for the 3 B 2 , 3 A 2 , and 3 B 1 ionizations used are 3, 0.3, and 1.5, respectively ͑assuming a triplet to singlet statistical ratio of 3:1͒. Efforts were also made to improve the agreement by changing the AIE of each ionization. From the previous subsection, we have assigned the 12.785 eV peak to the AIE of the 3 B 1 ionization. The simulated second PE band employing this AIE for the 3 B 1 ionization is shown in Fig. 6͑a͒ . In the low-and mid-energy region, this simulation seems to be in marginally better agreement with the experimental band than the one using the shifted MRCIϩQ AIEs. Further attempts were made in varying each AIE of the individual ionizations in order to obtain a better match with the experimental band. However, no further improvement could be achieved and the synthesized second PE band shown in Fig. 6͑a͒ 
E. Photoabsorption spectrum, Rydberg series, and quantum defects
With our revised assignments and AIE positions of the five cationic states contributing to the second band of the PE spectrum of ClO 2 , the Rydberg series converging to these ionization limits observed in the photoabsorption spectrum of ClO 2 reported by Flesch et al. 4 have been reanalyzed. Briefly, the origins of the Rydberg series given by Flesch et al. were assumed to be correct and their positions were used to calculate the revised quantum defects ͑␦͒, employing our new AIE values as the respective ionization limits. The normal selection rules for electronic transitions have applied. Rydberg series converging to the two singlet cationic states have not been considered, as the uncertainties associated with their AIE positions are relatively large, when compared with those of the three triplet states contributing to the second band of the PE spectrum. The results are summarized in Table VII and it can be seen that the revised quantum defects are as expected for chlorine atom Rydberg states.
The major differences between the original assignments by Flesch et 
IV. CONCLUDING REMARKS
In summary, in this work anharmonicity has been incorporated into an existing harmonic FC method, which includes Duschinsky rotation, in a simple fashion, via multidimensional, ab initio anharmonic PEFs. Anharmonic vibrational wave functions have been expressed in terms of linear combinations of the products of harmonic oscillator functions. This anharmonic FC model, employing Watson's Hamiltonian, has been conveniently incorporated into our existing harmonic FC code, so that both anharmonicity and the Duschinsky effect can be accounted for in the anharmonic FCF calculations. In general, it was concluded that, from the theoretical point of view, the anharmonic FC method is expected to give more reliable spectral simulations than the harmonic FC method.
Although the disadvantage of Watson's Hamiltonian lies in its different forms for linear and nonlinear molecules, the nonlinear form of Watson's Hamiltonian has been incorporated into the anharmonic treatment, and the incorporation of the linear form of Watson's Hamiltonian into the anharmonic method is underway. For high vibrational states and/or systems, where both the linear and nonlinear configurations may be involved in an electronic transition, further research will be required. However, this is not a problem in the present study on the He I PE spectrum of ClO 2 , where all the electronic states studied are nonlinear, with bending angles far from linearity and have apparently deep bending well depths.
As the first test of the proposed anharmonic FCF algorithm, both the harmonic and anharmonic FCF methods were applied to study the first and third bands in the He I PE spectrum of ClO 2 . These two PE bands of ClO 2 have rather simple and well-resolved vibrational structures. Comparing the simulated and observed PE spectra, it is clear that the anharmonic FCF method is superior to the harmonic method, because, for example in the first band, the harmonic FC simulation cannot give an overall match with the observed spectrum even after applying the IFCA procedure. This is because the anharmonic effect is important even at low vibrational levels, as shown from the computed expansion coefficients of the anharmonic vibrational wave functions.
The IFCA procedure was applied with the anharmonic FC code to refine the published MRCI geometry of the X 1 A 1 state of ClO 2 ϩ . The first experimentally derived geometry obtained for this cationic state is R(Cl-O͒ϭ1. 414Ϯ0 .002 Å and ЄO-Cl-Oϭ121.8Ϯ0.1°and this should be the most reliable one to date. Although the agreement of the harmonic FC simulated spectrum with the observed spectrum is not as good as that of the anharmonic one, the IFCA geometrical parameters of the X 1 A 1 state of ClO 2 ϩ obtained with harmonic FCF calculations are very close to those with the anharmonic calculations. In this connection, and in view of the different computational resources required for the harmonic and anharmonic FC calculations, the harmonic FCF code can still be considered useful in obtaining experimentally derived geometrical parameters. However, in carrying out the IFCA procedure with the harmonic code, care should be taken in the comparison between the simulated and observed spectra ͑see Ref. 1͒. It should also be mentioned that the ab initio calculations, required for the harmonic and anharmonic FC calculations, are very different. For the latter, multidimensional PEFs, obtained from energy surface scans, are required. These scans are expected to be considerably more expensive than geometry optimization and harmonic frequency calculations at the minimum-energy geometry, which are required for the harmonic FC code. Nevertheless, energy surface scans do not require a correlation method with analytical energy derivatives ͑first and/or second͒. This allows the use of MRCI-type methods, which can deal with excited states and/or states, which cannot be described correctly by a single determinantal wave function, such as an open-shell singlet state. Summarizing, there are different theoretical and practical advantages and disadvantages associated with the harmonic and anharmonic FC methods and the method chosen will depend on the problem under consideration, the quality of the experimental information, and the available computational resources. The second band in the ClO 2 He I PE spectrum revealed complicated vibrational structure because it involves ionizations to five low-lying electronic states of the cation. The spectral simulations reported here clearly support the MRCI assignments of Peterson and Werner. 5 The simulated spectrum of the second band has reproduced the main vibrational features of the experimental spectrum. However, a perfect match has not been obtained, even with the variations of the AIEs and the relative photoionization cross sections of the ionizations to the five cationic states. A better match may be obtained if the IFCA procedure were carried out for each of the five ionizations. However, this has not been carried out, because well-resolved vibrational structures in the observed spectrum are required for doing this, but this is not available from the observed spectrum. Nevertheless, with the spectral simulations reported here, the ordering of the 3 B 2 , 3 A 2 , 3 B 1 , 1 A 2 , and 1 B 1 ionic states in the second PE band of ClO 2 seems clear and their AIEs were determined. The usefulness of the powerful combination of high-level ab initio calculation and FC analysis in the interpretation of a seriously overlapping spectrum has been clearly demonstrated. In the case of the He I PE spectrum of ClO 2 , the combination of MRCI PEFs and the anharmonic FC code has been shown to work well.
